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ABSTRACT 
The results of a study of the measurement of rainfall by radar 
at a range of 75 miles are presented. Some of the problems of radar 
measurements at this range are found to be attenuation and effects of 
the radar beam's large vertical extent at distant ranges. 
The analysis of drop-size data from rains at Flagstaff, Arizona 
shows that the radar-rainfall relationships there are quite different 
from those measured elsewhere by the drop camera technique. 
Results of a study of drop-size distributions from New Jersey and 
North Carolina are presented. In many respects, the data from these 
two locations are similar. 
A paper dealing with the analysis of drop-size data from Florida 
and Oregon is included as an appendix. 
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RADAR MEASUREMENT OF 
RAIN USING THE KANKAKEE NETWORK 
In order to evaluate the usefulness of radar to measure rainfall 
at more distant ranges, the Kankakee Raingage Network was established 
near Kankakee, Illinois in the spring of 1966. This network is located 
at a mean range of 65.5 nautical miles from the CPS-9 radar at Champaign. 
It consists of 16 recording gages spaced in a nearly square grid of 4 
rows, each row having 4 gages. The network area is approximately 400 
square miles. More detailed description of this network is contained in 
Technical Report EC0M-00032-F. 
Data 
The Kankakee network was operated from April 15 to September 30, 
1966. Forty-one sets of raingage charts were obtained during this period. 
The 24-hour charts used were generally changed twice weekly. 
The CPS-9 radar was operated to record as much of the rain over 
the network as possible with the limited staff. Step-gain scope photo-
graphs were made at 4- or 8-minute intervals. A nominal elevation angle 
of 0 degrees and a range of 100 miles were used. 
Originally, 15 storms were chosen for analysis on the basis of 
having at least one gage with 0.05 inch or more of rain and having at 
least 30-minutes of concurrent radar and gage data. Two of these storms 
have been eliminated because of data deficiencies discovered as the analysis 
proceeded. Two other storms occurring on the same day have been combined 
into a single storm. 
The gage data for the storms studied are on 14 sets of charts. The 
information on these charts was converted to punch cards by means of a 
Benson Lehner "Oscar" chart reader. These cards were processed by a 
computer program which produced a listing of 15-minute amounts for each 
gage. These amounts were then combined to obtain 30-minute amounts, 
which were used to calculate mean network amounts for each 30-minute 
period and for each storm. 
Radar-Rainfall Analysis 
The radar data analysis began with the tracing of the echoes onto 
paper. For this purpose, the radar film was projected to a scale of 3 mm 
per mile, making the network a 6-cm square on the tracings. The network 
area was then drawn on the tracing paper along with the iso-echo contours. 
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Using a planimeter, the fraction of the network covered by echo was 
determined for each gain step in each series. The measurements for each 
series within each 30-minute period were combined by averaging areas, 
weighting each area by the time period it represented, usually 4 minutes. 
This gave a 30-minute average area for each step. 
An appropriate rainfall rate was determined for each gain step level 
from the radar equation, a Z-R relationship, and the radar calibration 
data. The radar equation derived by Probert-Jones1 was used. By 
substituting in this equation the parameters of the CPS-9 radar and a 
range of 65.5 nautical miles, the radar equation was reduced to the 
following form: 
where Z is the radar reflectivity in mm6 m-3. The transmitted power, 
Pt, was measured frequently during the data collection season. Also, 
measurements of the minimum discernible received power, Pr, was measured 
for each step using a known calibrating signal. From these calibration 
measurements, a minimum discernible Z was determined for each step level 
and each storm date. The sensitivity of the radar was low during the 
early part of the season, but was improved to near normal sensitivity by 
August and September. 
To convert Z to rainfall rate, R, the following relationships were 
used, depending upon the type of rain which was predominant during the 
storm: 
Thunderstorms 
Rainshowers 
Rain 
Z = 435R1.48 
Z = 370R1.31 
Z = 311R1.43 
These relationships are the regressions of R as a function of Z as 
determined by Jones2 from drop-size distributions taken in Illinois. 
These rainfall rates were then combined with the 30-minute average 
areas for each step to give a mean network 30-minute rainfall amount for 
each 30-minute period, as indicated by radar. The radar 30-minute amounts 
are plotted against the gage 30-minute amounts in figure 1. The plot is 
on a logarithmic scale, and points which had either amount less than 
0.0001 inch have not been plotted. 
The scatter of points on the figure is quite large. A linear 
statistical analysis of these data yields a correlation coefficient of 
only 0.37 and a standard error of estimate of 0.048. This standard error 
of estimate is large in comparison with the mean 30-minute amounts of 
0.041 and 0.033 inches for radar and gage, respectively. 
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Total storm amounts were found by summing all the 30-minute amounts. 
These are presented in table 1 and plotted in figure 2. The totals for 12 
storms show the radar amount to be 26 percent higher than the gage amount. 
This discrepancy is not larger than might be expected at this range; however, 
it is surprising that the radar measurement is the higher one, since 
considerable attenuation was present in most of the storms. The storms of 
4/20 and 5/23 had very strong attenuation. On 5/11 and 9/19, the rain was 
widespread, but of generally light rates. Widely-scattered small rain 
cells occurred on 6/8, 6/26, and 8/14; these had only brief periods of 
attenuation, if any at all. All other storms had varying degrees of 
attenuation during an appreciable portion of the rain. 
TABLE 1 
TOTAL STORM RAIN AMOUNTS FOR THE 
KANKAKEE NETWORK, 1966 
Storm Total time Gage Radar Radar/gage 
Date in analysis (hrs) amount (in) amount (in) ratio 
4/20 1.5 .27 .0053 .020 
5/11 12 .96 .81 .84 
5/23 3 .88 .74 .84 
6/8 3 .019 .14 7.4 
6/8-9 6 .55 1.55 2.8 
6/26 3.5 .089 .090 1.0 
8/8 1 .034 .0091 .27 
8/10 7.5 .61 .27 .44 
8/14 6 .11 .11 1.0 
8/21 2 .13 .61 4.7 
9/14 8.5 .43 .61 1.4 
9/19 7.5 .015 .23 15.3 
Totals 61.5 4.10 5.17 1.26 
The extreme cases were those of 4/20 and 9/19. On 4/20, the gage 
amount was 51 times the radar amount. This was a case of a line of 
thundershowers oriented in a north-northeast to south-southwest direction. 
At the time the rain was falling on the network, there were thundershowers 
on almost the entire path from the radar to the network. This produced 
the severe attenuation indicated by the difference in the measurements of 
rain. 
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On 9/19, the radar indicated a mean network amount 15 times that 
shown by the gages. This was true in spite of considerable light to 
moderate rain over the path to the network. Investigation revealed 
that the freezing level was at approximately 10,000 feet on that day. 
Through most of the summer, it had been at 13,000 to 14,000 feet. Under 
normal refractivity conditions, the top of the 1-degree beam would be 
at approximately 9800 feet, only 200 feet below the freezing level. 
Therefore, it would be reasonable to assume that the "bright band" 
would have contributed to the enhancement of the reflectivity measurement, 
giving an exaggerated radar measurement of rain. This effect will 
generally be an important deterrent to the radar measurement of rain 
at long ranges during the colder seasons of the year. 
The case of 6/8-9 presented an even more puzzling problem. 
Approximately 0.11 inch of the radar indicated rain occurred during 
the 1-1/2-hour period prior to any indication of rain by the gages. 
Records were examined carefully for timing errors, but none were found. 
The storm of 6/8 (1315-1615C) had a similar 1-1/2-hour period in the 
middle of the storm when radar indicated 0.02 inch of rain while the 
gages measured nothing. It would appear that in these cases, rain-
sized drops were present aloft, but were not falling to the ground in 
sufficient quantities or in the right locations to be recorded on the 
gages. Some of this is probably due to updrafts; however, these 1-1/2-
hour periods are somewhat long to be completely explained in this way. 
Area-depth Analysis 
Another type of analysis was performed using these data. This 
was an application of the area-depth techniques commonly used in hydrologic 
studies. It is based on the assumption that similar area-depth curves 
can be produced using either gage or radar data, if the gage and radar 
data are well related. It was anticipated that the radar could be 
calibrated against the network 30-minute amounts by comparing the area-
depth curves. 
Using the 30-minute amounts for each gage, cumulative distributions 
were plotted in which the ordinate is the percent of the network having 
a 30-minute amount equal to or greater than the amount indicated on the 
abscissa. Each gage was assumed to represent 1/16 or 6.25 percent of the 
network. Similar mean curves for storm total rainfall were made. One of 
these is shown in figure 3. These curves were then entered with the 
percent of the network area having echoes of a given gain step. The 30-
minute amount corresponding to each step is then the 30-minute amount 
produced by a rainfall rate which is just barely discernible on that step. 
The analysis technique has certain limitations. The principal 
difficulty was that in many cases, the echo areas corresponding to the 
higher gain steps (the less sensitive ones) were less than the 6.25 percent 
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of the network represented by a single gage. Although these areas are small, 
they represent high rainfall rates, and therefore contribute a significant 
amount to the mean network rainfall. Because of these difficulties, most 
of the effort was shifted to analyses described in the earlier sections of 
this report. 
In table 2, the minimum discernible rainfall rates are tabulated for 
each step as determined by this area-depth method and as determined by the 
radar equation, calibration of the radar, and the appropriate Z-R relation-
ships. Ten storms are tabulated; two of the storms were eliminated because 
of the extremely poor correlation of radar and gage rates. The means for 
the 10 storms are also shown. 
TABLE 2 
MINIMUM DISCERNIBLE RATES AS DETERMINED BY 
DIFFERENT ANALYSIS TECHNIQUES (in/hr) 
Step 1 Step 2 Step 3 Step 4 Step 5 
Area- Radar Area- Radar Area- Radar Area- Radar Area- Radar 
Storm Depth Equ. Depth Equ. Depth Equ. Depth Equ. Depth Equ. 
5/11 .118 .064 .149 .124 .211 .319 .380 .839 
5/23 .372 .055 .566 .139 .790 .661 1.010 1.228 
6/8 .030 .085 .072 .171 
6/8-9 .142 .070 .246 .129 .356 .614 .482 1.563 
6/26 .108 .037 .284 .051 
8/8 .030 .015 .204 .021 
8/10 .042 .013 .126 .053 
8/14 .080 .021 .300 .089 
8/21 .017 .025 .041 .072 .092 .182 .155 .637 .254 1.176 
9/14 .016 .007 .036 .043 .066 .086 .176 .122 
Means .096 .039 .202 .089 .303 .372 .441 .878 .254 1.176 
It can be seen from table 2 that for the lower-numbered steps 
(high sensitivity), the area-depth method gives a higher rate than the 
radar calibration method. This changes as the radar sensitivity decreases, 
so that steps 3, 4, and 5 show lower rates for the area-depth method. 
Attenuation effects tend to reduce the area visible by the radar 
at any one step level. Thus, if the area-depth relationship is used to 
predict the radar rate, the radar rate will be higher when attenuation 
is present. This effect is easily noted on steps 1 and 2, where the 
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area-depth values tend to be 2 to 2.5 times as high as the rates determined 
in the traditional manner. If, indeed, this can be attributed solely to 
attenuation, which seems likely, an average attenuation of about 4 to 5 db 
was experienced in the range to the network. In principle, this amount 
might be added to the first 2 steps to provide some adjustment for the 
attenuation. However, at the less sensitive regions a comparable correction 
would seem to be inappropriate. 
A second effect is more dominant at the higher rates. When the area 
within a particular isohyet is less than the size which is represented by 
one raingage, the area-depth relationship as determined from the raingages 
becomes poor. The probability of detecting the high cores by a point 
measurement decreases as the size of the core decreases. The radar, on 
the other hand, always measures these high core areas well. 
Thus, when the radar area is used to enter an area-depth relationship, 
the rainfall rate predicted will frequently be too small. These effects 
can be noted in table 2. On steps 4 and 5, the area-depth relationships 
tend to be from 20 to 50 percent of the traditional rates. A part of this 
difference is the gage spacing error, and a part may be due to improper 
radar-rainfall relationships. There must be some effect of attenuation in 
these measurements for higher rates, as well. It may be noted that these 
higher rates are contributing a larger portion to the total rainfall amount 
than the higher rates from the raingages, and thus the radar estimates are 
tending to be higher than the raingage amounts. Since there is a multiplicity 
of possible errors in these higher rates, it is not considered as appropriate 
to correct these in the same manner as that suggested for the lower rates. 
Nonetheless, it will be considered, and the amounts calculated using some 
correction at all rates based on these average area-depth relationships. 
This study does indicate that for 30-minute amounts, the cores of 
rainfall are not well measured by the raingage density of one gage per 25 
square miles. Since the scatter of rates, as determined from the area-
depth method, is as great as it is, the method fails to provide as reliable 
a calibration scheme for the radar as had been hoped. Nonetheless, this 
scheme for providing a radar calibration appears to be more promising than 
to calibrate with a number of point measurements over the raingages. 
RADAR MAINTENANCE 
CPS-9 
Extensive overhaul and modifications to the CPS-9 radar were 
initiated. Some have been completed and others will be completed shortly. 
Massachusetts Institute of Technology gave the University of Illinois a 
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portion of their AN/CPS-9 XE3. The antenna from their radar was 
completely dismantled, inspected, and reassembled during the winter. 
All worn bearings and all grease seals were replaced with new parts. 
The antenna was then mounted on the tower in place of the AN/CPS-9 XE2 
antenna. The replacement antenna has the original antenna drive units, 
so, for the first time a complete antenna system will be available. 
The major advantage of the new system will be much better elevation 
control. The hybrid system which had been in use was designed for an 
SCR 545 radar and was less than satisfactory. In addition, it is 
expected that since a complete mechanical rebuilding job was performed, 
the unit should at least be more reliable mechanically. Changes were 
also required in the automatic programming chassis to properly control 
the new drive system. During the changes to the drive control systems, 
changes in the gain stepping section were also made. These changes 
permit more flexibility in the operational sequences and have been 
designed so that some means of automatic data processing equipment might 
be easily added. 
New cables have been installed between the antenna and modulator, 
as the old cables had deteriorated in the 12 years since they were, 
originally installed. During the rewiring, the main power to the CPS-9 
was modified to better balance the electrical load between phases, which 
should improve the regulation and prevent frequent main fuse failures. 
These changes and modifications are nearing completion, and the 
radar should be operational within the next few weeks. 
TPS-10 
The TPS-10 radar has also undergone extensive repairs during the 
winter. A continual problem with the TPS-10 had been the azimuth drive 
and azimuth data presentation. Formerly the drive system has been accomplished 
using an amplidyne and servo motor. The original TPS-10 did not have a 
motorized drive system and this system was adapted from another radar. 
Control of the amplidyne was from a gyro-stabilized differential synchro. 
This drive had become mechanically loose and did not respond well to 
control signals. In addition, the lags between control and antenna position 
signals varied with antenna speed and direction, making the synchro signals 
unuseable for azimuth data display. Since, in the manner in which the TPS-10 
is operated, the ability to stop and position the antenna is not necessary, 
the entire drive and control system has been removed and replaced with a 
synchronous motor. The azimuth data recording system will be improved by 
the removal of the azimuth drive system, and also by the inclusion of a four 
digit encoder. Azimuth position will then be read and photographed directly 
in digital form. 
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FLAGSTAFF DROP-SIZE SPECTRA 
Raindrop size spectra were determined at Flagstaff, Arizona during 
July-August 1966 through support under contract DA 28-043 AMC 02376. 
These data have proven very interesting and valuable to this contract. 
Strikingly different rainfall-rate-radar reflectivity relationships were 
found. The earlier data sampling on a world-wide basis was directed to 
the primarily wet climates, and of course these climates are of more importance 
in an Army operational sense than the more arid climates. Thus, the Flagstaff 
data gives an indication of the type of relationships that might be obtained 
in the arid regions with a monsoon and will permit better estimations of 
radar rainfall relationships for the climatic atlas which will be prepared 
under this contract. Although the majority of the analysis which follows 
was performed under AMC 02376, it is presented herein in order to document 
the new data in this series of reports on drop size distributions. 
Radar-Reflectivity Relationships for Flagstaff 
Table 3 shows the regression coefficients between rainfall rate and 
radar reflectivity. The calculations have been performed considering the 
radar reflectivity as the independent variable. In addition to the regression 
for individual days, there are grouped data for the high concentration days 
and for the low concentration days. The average for all cases is also shown. 
The coefficient, A, for these regressions is much higher than is usual. This 
is especially true for the days in August and in the low concentration group. 
For all of these data, it is apparent that there is a paucity of small drops. 
When the coefficient of the regressions is high, it is an indication that 
the low rainfall rates have large raindrops which contribute strongly to the 
reflectivity. Only one other storm day at any of the 8 other locations 
sampled by a drop camera had a coefficient as high as the individual August 
storms or the low concentration group. 
Overall, these relationships show that the raindrops in Flagstaff are 
relatively large. This general tendency has been noted by other investigators. 
Foote3 in a recent article gave a relationship of Z = 520 R1.81 for the 
Tucson, Arizona area. His relationship has a high coefficient although 
not as high as the low concentration cases. The exponent is much larger 
than that of the Flagstaff data. This larger exponent indicates the larger 
importance of large drops at the higher rainfall rates. Hardy4 reports a 
relationship of Z = 460 R1.41 for a case on 31 July 1961 at Flagstaff. Thus, 
it appears that all drop size investigations in this area tend to have large 
coefficients. The drop size spectra given by Hardy show more 0.5 mm drops 
than were measured using the drop camera, but, apparently, there was an 
insufficient number to influence the R-Z relationship. Hardy attributes the 
high coefficient primarily to evaporation, which may indeed be quite effective 
in this area. However, as is shown later, this does not explain the 
differences of the high and low concentration cases. Hardy's regression is 
determined with R as the independent variable in contrast to all other data 
which uses Z as the independent variable. 
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TABLE 3 
RADAR REFLECTIVITY-RAINFALL RATE RELATIONSHIPS 
FROM FLAGSTAFF 
Standard No. of Cubic 
Date or Z = ARb Correlation Error of Meters in 
Group A b Coefficient Estimate Sample 
7/18 577 1.58 0.981 0.120 20 
7/21 439 1.44 0.984 0.103 101 
7/25 569 1.54 0.891 0.132 21 
7/27 493 1.42 0.990 0.093 42 
7/29 566 1.61 0.954 0.131 61 
8/2 830 1.43 0.960 0.158 36 
8/8 904 1.62 0.986 0.093 61 
8/10 884 1.60 0.972 0.113 100 
* * * * * 
High 
Concentration 490 1.47 0.979 0.123 245 
Low 
Concentration 889 1.55 0.974 0.128 197 
All Data 593 1.61 0.969 0.153 442 
The relationships from the Flagstaff data do not scatter about the 
regression line as much as the data from other locations. The standard 
error of estimate is a good measure of this scatter despite the failure 
of the data to be normally distributed. As can be noted from Table 3, 
the standard error of estimate varies from 0.09 to 0.158. Most of the 
values are near 0.13. This is contrasted to Miami data, where the standard 
error of estimate is around 0.17 on the average., with values of 0.2 not 
uncommon. From this it may be argued that there is a more consistent 
relationship in these data than elsewhere; a statement which seems to be 
supported by the lack of as much short time variability of rainfall rates 
as predicted from drop size data. Thus, it would seem that this supports 
the validity of the one-cubic-meter sample as being more nearly adequate 
in the Flagstaff rain than elsewhere. 
The relationships predict a greater amount of radar return at 
Flagstaff for the same rainfall rate than the other locations for which 
drop size spectra are available. This seems somewhat paradoxical, since 
it has been observed that the non-precipitating clouds are less likely to 
be seen by radar in this area than central Illinois (Jones, et al.5). 
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As discussed elsewhere, the lack of scattering from the clouds may be due 
in part to extremely high concentrations of small cloud droplets although 
the concentration of raindrops at ground level appears to be abnormally 
low. 
It may be noted that when the high and low concentration data are 
combined, the resulting relationship has a larger standard error of 
estimate. This is to be expected, of course. The exponent from this 
relationship is larger or equal to any of the individual exponents and 
is approaching the value from Foote's data. All of the regressions have 
been determined considering the reflectivity as the independent variable. 
If the rainfall rate had been considered as the independent variable, the 
coefficients would be higher and the exponents lower. 
During preliminary data analysis, two different regimes of rainfall 
were noticed. Before speculating on the reasons for these differences, 
some of these differences will be examined. 
Differences in Drop Concentration 
The total number of raindrops per cubic meter of air space will 
be referred to as the concentration. Figure 4a-d shows concentration 
versus rainfall rate for 4 days. It should be noted that the two graphs 
on the left of the page have higher concentrations than the two on the 
All of the Flagstaff data tend to separate easily into these two groups 
which will be called the high and low concentration groups. The differences 
in concentration are sufficiently large to make it highly improbable that 
the differences are a result of sampling error or of any sorting effects 
of either the raindrop camera or of its immediate surroundings. There 
are a few points which overlap from one group to the other. 
There were 5 days in which the concentrations were high. These dates 
were July 18, 21, 25, 27, and 29. There were three days, August 2, 8, and 
10, in which there were low concentrations. If the high concentration 
cases are compared with data from other locales, it is found that the dif-
ferences are not great. On an individual day basis, there were days at 
Miami which produced concentrations greater than the highest concentration 
but, after examining the data, there were no cases of concentrations as 
low as found on August 8 and 10. 
It was conjectured that perhaps the raindrop camera in some way was 
faulty. One possible difficulty would have been that the focusing was 
incorrect so that the volume sampled was incorrectly judged. That is to 
say that, if the point of best focus were inside one of the shelters, the 
drops measured would have been only those in a small volume near the shield 
where the focus point was located. If this were true, the rainfall rates 
calculated from the drop camera would have been lower than actual. Table 4 
has a comparison of the drop size data and the raingage data for these 
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4 days. The drop camera amount is obtained by integrating the calculated 
rainfall rates. Since the rates from the drop camera integrate to values 
of rainfall somewhat larger than determined by the raingage, the thesis 
that there is large instrumental error of this type is untenable and is 
rejected. For all cases but August 8, the drop camera was operated for 
15 seconds of each one-minute period. On August 8, the camera was operated 
continuously during the minute. It may be fortuitous, but this may account 
for the better agreement on this day than others. In general, at other 
locations the drop camera amounts have tended to be less than raingage 
amounts by 10 to 15 percent. This has been attributed to either errors 
in the terminal velocities of the raindrops or to wind sorting effects of 
small drops in the vicinity of the raindrop camera shelters. 
TABLE 4 
COMPARISONS OF RAINFALL AMOUNTS FROM THE 
RAINGAGE AND FROM THE RAINDROP CAMERA 
Max 
Percentage Error Rate 
Amount + Indicates Duration Drop 
of Rain (mm) an Excess of Rain Camera 
Date Raingage Drop Camera of Drop Camera (minutes) mm/hr 
8/8/66 2.8 2.88 3 19 37.1 
8/10/66 2.8 2.96 6 31 51.7 
7/27/66 6.3 5.40 -14 44 49.3 
7/21/66 8.6 9.20 7 92 76.6 
The drop data were separated into the two groups of low and high 
concentration, and average distributions calculated for each group. These 
average distributions, shown in figures 5 and 6, are separated into 
rainfall rate intervals and serve to reduce the sampling noise considerably. 
The resultant distributions, particularly in the high concentration group, 
appear to be reasonably smooth spectra. From previous work, it has been 
noted that logarithmic normal distribution is the best fitting equation 
for drop size spectra. Values from the log normal fitting curve are 
plotted as x's on multiples of 0.5 mm. At the very least, the log normal 
curve provides an excellent means of further smoothing the data. Thus, 
values of the modal diameter, width of the spectra, rainfall rate, and 
liquid water content can be calculated from the log normal parameters. 
In most cases the results of computing the rainfall rate from the average 
distribution directly compare favorably with the calculation from log 
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normal coefficients. There are two notable exceptions. If the number 
of cubic meters in the average distribution is small and if there are a 
few large drops, there is a significant difference in the calculated 
rates. This is true because of the poor estimate of the average number 
of large drops due to small sample volume. This is the case in figure 6K1, 
where the distribution rate is 67.8 and the log normal rate is 87.28. 
In this case there are only 3 cubic meters of sample so that for any 
interval, a concentration less than 0.3/m3 cannot be measured. The other 
exception occurs with an obvious misfit of the log normal curve. Such 
cases are demonstrated by the lowest and highest rainfall rates of the 
low concentration case. 
With these exceptions noted, the log normal parameters were used to 
calculate the diameter of the mode, Bm, the width of the spectrum at 1/2 
number of the mode points, W, and the mean volume diameter, Dv. The mean 
volume diameter is defined as the size of drop whose volume multiplied by 
the concentration yields the liquid water content. 
The three statistics, Dm, Dv, and W are plotted in figure 7 as a 
function of rainfall rate. The width remains nearly 0.5 mm larger for 
the low concentration case for all rates. In both cases the width increases 
with rainfall rate. It can be noted that these two groups of data do have 
much different characteristics. 
There is a tendency for some of the curves to converge at the 
higher rainfall rates. This may indicate that whatever the mechanism 
which is producing these distinct groups, it may become less important at 
the higher rainfall rates. Unfortunately, this conclusion does not help 
much in eliminating possible reasons for these discrepancies since 
evaporation, cloud seeding, and drop generation mechanisms may all be 
less effective when the dynamics of the storm become the overwhelming 
force in producing rain. 
As in previous data, the diameter of the mode of the distribution 
tends to pass through a maximum and decrease as the rainfall rate increases. 
In the low concentration case, this maximum is at 3 to 4 mm/hr. The 
high concentration case has its maximum at 10-15 mm/hr. Miami data has a 
peak of the mode at rainfall rates of 40-50 mm/hr. One explanation of 
these differences is the evaporation which takes place after the raindrops 
leave the cloud. Evaporation, which will be discussed in detail later in 
the report, tends to produce the effect of increasing the diameter of the 
mode. Further, it appears that at high rainfall rates evaporation becomes 
less important and the modes shift to lower values. Thus, if the low 
concentration is due to increased evaporation, it is reasonable to expect 
the maximum mode to occur at lower values of rainfall rate. 
Differences in Spectra 
There are a number of conditions which may have produced the 
differences in spectra. These are cloud modifications by silver iodide 
-12-
seeding, evaporation, droplet growth by sublimation or coalescence, and 
a sampling error by virtue of either wind or gravitational sorting. These 
will be discussed in the ensuing paragraphs, but at the onset it should 
be pointed out that the ability to reach a firm conclusion on the basis of 
this rather limited sample is impossible. Some of the hypotheses would 
seem more likely than others, but none can be completely eliminated. 
Silver Iodide Seeding 
Meteorology Research, Incorporated, under contract from the Bureau 
of Reclamation, was conducting an experiment in weather modification in 
the Flagstaff area concurrently with this investigation. This group seeded 
with silver iodide generators from both ground stations and from aircraft. 
A personal communication from D. M. Takeuchi of MRI indicated, based upon 
a preliminary analysis, the days during which he felt that their seeding 
activities could have influenced the rainfall in the vicinity of the drop 
camera site. This information, along with the analysis of the raindrop 
spectra, is shown in table 5. 
TABLE 5 
COMPARISONS OF MRI SEEDING ACTIVITIES 
WITH DROP SIZE SPECTRA 
Influenced Concentration 
Date by Seeding Class Notes 
7/18 Yes High 
7/21 Yes High 
7/25 No ? Small sample 
and rates < 1 mm/hr 
7/27 Yes High 
7/29 Yes High 
8/2 No Low 
8/8 Yes Low 
8/10 No Low 
On 7/25, Takeuchi did not believe that the seeding would have 
affected the drop camera spectra. Notes taken at the MRI debriefing 
would indicate that there was considerable doubt as to the location 
of the silver iodide. There were only 14 spectra obtained on this day 
and the rates were all very low, but if a decision as to which group 
had to be made, this day would have to be considered as a high 
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concentration day. The data on 8/8/66 are complete and there is no doubt 
that this is a low concentration day. There is some doubt as to whether 
the silver iodide was ingested by the rain cloud over the camera. Seeding 
was accomplished northwest of the San Francisco peaks with light and 
variable winds. The radar echoes on this day did move from the northwest, 
but at relatively low speeds. 
The agreement between high concentrations and silver iodide seeding 
suggests that the silver iodide is affecting the rainfall mechanism. 
Furthermore, such an effect is in the direction which would be expected 
from the physics of cloud seeding. 
The high concentration group contains spectra which are similar to 
spectra from other locations. The concentration-versus-rate relationship 
is about the same as was obtained at Miami, Florida. It may be argued 
that evaporation effects and ice nuclei deficiencies are more prevalent 
in Flagstaff than in Miami, and seeding is required to bring the storm 
system to equivalent states. 
If it is assumed that the silver iodide seeding was the prime 
reason for the spectra differences, there remains the necessity of 
explaining why the unseeded spectra are so different from those obtained 
elsewhere. The data from Foote appear to be as closely related to the 
low concentration days as to the high., and thus, it cannot be categorically 
stated that the low concentration days are not the normal situation. 
Gravitational and Wind Sorting Effects 
It is conceivable that on the edges of shower cells, a drop size 
spectrum may exhibit unusually large drops and thus a lower concentration 
for a given rainfall rate. It is common to experience large drops at 
the onset of rain at a point, and if it is assumed that for the entire 
rain period an observer was located on the edge, a biased estimate may 
well result. In an attempt to evaluate the possible occurrence of this 
bias, the data from the MPS-34 radar were examined. A brief summary of 
the radar observations for 4 days of good camera data follows. 
On 7/27 between 1210 and 1300, an echo formed just south of the 
drop camera. This echo intensified and moved slowly northward during 
the data collection. The echo developed an anvil which spread westward 
during the heavier rainfall periods. By 1240, the core of the storm 
had passed just east of the drop camera and was located northeast of the 
site. The rainfall gradient was very sharp. By 1245 there remained 
only light echo over the site with rainfall rates from the drop camera 
of 0.1 to 0.3 mm/hr. It would appear that all parts of this storm were 
sampled sufficiently. 
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On 8/8/66, two echoes passed over the drop camera. The first data 
at 1310 were taken when the core of the first echo was east of the site. 
The echo moved southeastward and changed from a large (7-mile diameter) 
echo into a number of smaller and less intense echoes. At 1320, a small 
cell was located west of the site. This second cell grew rapidly and 
passed directly over the drop camera. This second cell became more 
intense than the first echo, but did not grow to the same size. By 1340, 
the second cell was the only echo remaining, and had passed beyond the 
drop camera. On this day, the data may have been biased somewhat by the 
first cell, but the second cell tracked directly over the site. It was, 
however, in a growing stage during its passage and this may have contributed 
some bias. 
On 7/21, the rain was from a very large echo which was centered 
southwest of the radar. This echo moved northward during the course of 
the observations. Within the large echo mass, several cells were included. 
The rain was quite general. It is not likely that any edge effect or 
growth phase was unduly biasing the drop camera results. 
On 8/2/66 the rain began at the camera at 1403 falling from showers 
to the east of the site. The rain was to light at this time to be measured 
by the raingage with an over-sized receiver. By 1433 a developing cell 
southeast of the camera had moved and grown sufficiently to the northwest 
. to have the camera near the center of the heaviest rain. The heaviest 
rain continued to fall over the camera until 1500 when the cell began to 
dissipate and move to the north. Thus, the camera photographed the 
raindrops from a shower which was over the camera during its maximum 
development and should not have an undue amount of edge or growth bias. 
Unfortunately, no radar data are available for 8/10. The radar 
waveguide broke on 8/9, eliminating the possibility of observations on 
8/10, the last day that data were taken. The results of the radar analysis 
are mostly negative in that no apparent biases due to locations of the 
echo or growth phases can be discerned. 
Evaporation Effects 
Evaporation effects on drop size distribution tend to be more 
effective on the small raindrops. Thus, qualitatively one might expect 
that if rain fell through a dry, warm layer, the large drops would become 
more important in the resulting distribution. As a result, one might 
expect lower concentrations. Since, indeed, the climate of Arizona is 
such that evaporation may be quite significant, and the shifts are in 
the direction observed, an investigation of evaporative effects was 
undertaken. 
Radiosonde data provided by the U. S. Army meteorological team 
gives the environmental temperatures and humidities on the days for 
which drop size data are available. An abstract of this data is shown 
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in table 6. No radiosonde data is available for 8/10. The data on 7/18 
is extrapolated from an early morning sounding. On other days, it was 
usual to find very small changes in the moisture between the early morning 
sounding and the late morning sounding. It also was common for the 
temperatures between 700 mb and the surface to become nearly adiabatic 
between soundings. Thus, to estimate the surface temperature, humidity, 
and lifting condensation level, the adiabatic lapse rate from 700 mb 
temperature was used. There were no soundings on 7/19, but on the early 
morning sounding of 7/20, a considerable amount of moisture had entered the 
Flagstaff area. The surface mixing ratio changed from less than 5 g/kg on 
7/18 to more than 12 g/kg on 7/20. Thus, it may be that the sounding on 
7/18 is not representative of the rain time. The case of 7/18 is belabored, 
since it does not appear to fit with the rest of the data if evaporation 
is the cause of the concentration effects noted. 
TABLE 6 
ENVIRONMENTAL CONDITIONS ON DAYS 
OF DROP SIZE DATA 
Ground 300 mb Height Time 
LST RH Temp RH Temp LCL (km MSL) 
7/18 * 35 25 42 14 4.1 
7/21 1055 55 22.1 74 11.0 3.3 
7/25 1040 56 22 59 13.5 3.35 
7/27 1030 50 24.3 56 14.2 3.57 
7/29 1210 63 22 78 12.0 3.1 
8/2 1030 45 26.2 38 13.0 3.72 
8/8 1000 48 23.2 48 14 3.7 
* Estimated from 0530 7/18 sounding. 
If the 7/18 is ignored, the two classes of high and low concentration 
are separable into two identical groups with respect to the humidity. The 
low concentration cases occur with surface humidities of 45 and 48%, while 
the high concentrations occur from 50 to 63%. The 7/27 case where the 
surface humidity is 50% is a marginally high concentration as mentioned 
previously. The humidity differences are even more pronounced at the 700 mb 
level. Here, the low concentration cases are much drier. The differences 
in lifting condensation levels are also apparent in these tables. 
In an attempt to make the evaporation arguments more quantitative, 
the evaporative effects on drop size distributions from the lifting 
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condensation levels to the ground have been examined. Kinzer and Gunn6 
experimentally derived tables of rate of evaporation. Their equation 
(29) is: 
where = mass rate of evaporation and the two factors 
are empirically determined and listed in tabular form. For convenience, 
let the first factor be called A and the second B. Then: 
Since: 
where D = diameter of the drop in cm and p = density of water 
and 
If the drop is falling at its terminal velocity V, then 
where Z = the height coordinate. 
Combining and writing in differential form: 
For convenience in interpolating values, the initial drop size 
distribution at the ground will be approximated by the logarithmic normal 
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distribution. Let N(D) dD represent the distribution at ground level, 
and N(ξ) dξ the distribution which after undergoing evaporation yields 
N(D) dD at ground level. Then: 
Table 7 shows the magnitude of changes of the drop diameters for 
the environmental conditions on 7/29 and 8/2. 
As the diameter of the drop changes, the terminal velocity of the 
drop changes. This leads to the so called "Traffic problem". This can 
be compensated for by considering the number of drops within a volume 
defined by unit area in the horizontal and height equal to the terminal 
velocity. As the evaporation process continues and provided the drops 
do not completely evaporate, the number of drops in a new volume defined 
by unit area and the new terminal velocity will be the same as before. 
Thus 
and 
This latter equation was programmed for steps of 100 m from the surface 
TABLE 7 
EVAPORATION EFFECTS ON DROPS FOR 
JULY 29 AND AUGUST 2 
Diameter 
at Ground  Diameter at 
Level Lifting Condensation Level (mm) 
(mm) 7/29 8/2 
.5 0.85 1.17 
1.0 1.23 l.44 
1.5 1.65 1.81 
2.0 2.11 2.24 
2.5 2.60 2.71 
3.0 3.09 3.20 
3.5 3.59 3.70 
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to the lifting condensation level. These calculations were performed for 
each of the average distributions for the low and high concentration 
conditions. The nature of the problem is such that no information on the 
number of small drops aloft can be determined since these evaporate before 
reaching the ground. However if one examines only the concentration of 
drops larger than 2.0 mm, it can be seen that the evaporation does not make 
the two distributions similar although they are closer than initially. 
Table 8 shows the values for three of the lower rates for both concentrations. 
It can be noted that even after evaporation the number of drops in larger 
sizes is not comparable. Only the lower rates are considered since the 
evaporation is proportionally less for the higher rates. The rainfall 
rate calculated at the lifting condensation level (LCL) must be considered 
fictitious since the concentration of small drops is unknown. Thus this 
rate is only the rate from the larger drops which survive the fall to the 
ground. It may be noticed that the percentage increase in rainfall rates 
for the low concentration is always less than or equal to the percentage 
increase in the high concentration. That is to say the effect of the drier 
environment on the low concentration case is not sufficient to override 
the relatively large number of big drops. 
TABLE 8 
EVAPORATION EFFECTS ON CONCENTRATION 
OF RAINDROPS 
Concentration 
Rainfall Type Number of Number of Number of 
Rate at Surface Rate L = low Drops Between Drops Between Drops Greater 
mm/hr Aloft H = high 2.0 and 2.5 2.5 and 3 than 3.0 mm 
1.06 1.41 L 2.91 1.41 .75 
.93 1.23 H 2.64 .35 .03 
3.05 3.47 L 4.70 4.21 2.76 
2.84 3.62 H 9.76 2.18 .46 
4.94 5.72 L 8.23 6.31 4.39 
3.98 4.93 H 13.69 4.08 1.07 
Figure 8 shows 2 examples of the drop size spectra after evaporation 
has taken place. Again it would certainly seem that these two distributions 
are sufficiently different that evaporation cannot explain the differences 
noted between the high and low concentration cases. 
In summary, evaporation apparently does explain qualitatively the high 
coefficient in the radar reflectivity rainfall rate relationship but does 
not explain quantitatively the differences between the different cases at 
Flagstaff. 
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NEW JERSEY AND NORTH CAROLINA 
DROP-SIZE DISTRIBUTIONS 
Island Beach, New Jersey and Coweeta, North Carolina, two locations 
where raindrop-size data were collected with the raindrop camera, have 
been examined with regard to the raindrop-size distributions that exist 
in these areas. Island Beach, New Jersey, located on the Atlantic coast, 
has a humid continental climate modified to some degree by the ocean, 
while Coweeta, North Carolina, located in the southwestern portion of 
the state approximately 225 miles from the ocean, also has a humid 
continental climate. The actual location of the raindrop camera at 
Coweeta was at an elevation of 4450' MSL in the Nantahala Mountains, 
approximately 3/4 mile southeast of a mountain peak which is 5000' MSL 
in elevation, so orographic effects played a role when a southeasterly 
wind blew over the area. It is hoped that a knowledge of the types of 
drop-size distributions that exist in these regions will lead to accurate 
relationships between rainfall rate (R) and radar reflectivity factor (Z), 
which could ultimately result in a method whereby rainfall amounts for 
storms could be estimated remotely by radar. The one fact that greatly 
limits the accuracy of the radar to determine rainfall amounts is the 
apparent lack of consistency of the drop-size distributions for various 
meteorological conditions, and since radar reflectivity is directly 
dependent on drop-size diameter, one must know what the distributions look 
like. Even when these conditions appear to be nearly the same, the 
drop-size distributions do not remain constant. The approach that one 
takes is to stratify the data in such a way so as to include only those 
distributions that are the same or nearly so. Stratifying the data 
according to rain type, synoptic type, or degrees of stability associated 
with the precipitation have been found to be appropriate, with the latter 
two being the most effective in separating the data into nearly constant 
drop-size distributions. 
Analysis of the Drop Spectra 
In order to discover general trends and characteristics associated 
with the distributions, it was necessary to examine average drop-size 
spectra at each location, rather than individual minutes of data. The 
averages were determined as follows. The data from each of the two 
locations were sorted in ascending order according to rainfall rate, and 
then grouped into intervals 1.0 mm/hr wide at the lowest rates, increasing 
in size at higher rates. The average number of drops per cubic meter 
in each 0.1 mm increment of drop diameter from 0.5-7.0 mm, along with 
other related parameters, was calculated by a computer. For this part 
of the analysis all of the data were grouped together without stratification. 
Upon examining the distributions from both areas, it was found that 
they are quite similar. Figures 9, 10a, 10b, and 10c reveal this 
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similarity. Figure 9 is a plot of NT vs NT, on log-log coordinates, where 
NT is the total number of drops per cubic meter for a particular rain rate. 
The ordinate represents Coweeta, North Carolina and the abscissa represents 
Island Beach, New Jersey. Each point then represents the average total 
number of drops for each location for the same average rain rate. For low 
NT'S, Coweeta has more drops for the same average rain rate while for the 
high NT's, Island Beach has more drops; in the intermediate NT range, both 
locations have approximately the same number of drops for the same average 
rain rate. 
One may also examine rainfall rate (R) with regard to its relationship 
to certain diameters of the drop-size distributions namely, DG, Dl and DM. 
DG is the geometric mean diameter of the spectra with 
as described in an equation for a log normal distribution fit for the 
drop-size spectra; DL is the median volume diameter which is the diameter 
of the drop-size where half of the liquid water content of the distribution, 
for the one cubic meter sample, lies above that drop-size and half below; 
DM is the diameter of the size drop that occurs in the largest numbers. 
Figures 10a, 10b, and 10c show some representative drop-size distributions 
for the low, middle and high portions respectively of the NT-NT curve. Ng 
is the number of one minute samples used for each rate. Figures 11A, B, 
and C are plots of R vs DG, DM and DL respectively, on log-log coordinates, 
revealing again the similarity of the spectra at both locations; the 
R vs DL curves for both areas are nearly coincident. R vs DG and DM 
(Figs. 11A and 11B) also reveal a marked similarity for the two areas. 
Rainfall Rate-Radar Reflectivity Relationships 
The radar reflectivity factor (Z) from a single raindrop has been 
found to depend directly on the sixth power of the drop diameter (D), so 
the total reflectivity factor from any rain echo will be, 
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where nD is the number of drops of diameter D. The spread of D from 
0.5-7.9 mm best describes the drop interval that was encountered in the 
data collection; very few raindrops were found to be outside these values. 
Now, if one plots, on log-log coordinates, the R-Z values for each minute 
of data, the resulting curve would be a straight line, with no scatter of 
points around the line, if all the rains had the same distribution of 
drops where only NT changes, and the relative percentage of each size drop 
remains the same for different rates. (There are other situations that 
would also result in a regression line with no scatter). Unfortunately, 
this is not true, so the result is a regression line with a great deal of 
scatter of points around the line. Unless this scatter is reduced 
appreciably, a rainfall rate or total rainfall amount evaluation from a 
known reflectivity would be subject to greater errors than could be 
tolerated for most purposes. It is desirable then to seek some means of 
stratifying the data in such a manner so as to result in a more meaningful 
R-Z relationship. Several parameters have been tried, but the ones found 
most effective have been synoptic type (cold frontal, warm frontal, etc), 
and PASI type (Positive Area Stability Index) of the rains, the PASI data 
being obtained from a thermodynamic diagram. For both locations, Island 
Beach and Coweeta, synoptic stratification was found to be slightly more 
effective than PASI. Tables 9-12 illustrate this point. Table 9, for 
North Carolina, lists the PASI intervals in joules per kg net area and the 
associated standard errors of estimate (S.E.E.) for each PASI interval; 
Table 10 lists the synoptic stratifications and their associated S.E.E. 
Tables 11 and 12 contain similar information for New Jersey. When the 
S.E.E. for the synoptic separation is greater than that for all the data 
combined, one should use the latter R-Z relationship. 
The regression lines, when synoptic stratification was employed, 
reveal some interesting observations regarding the drop-size distributions 
in warm frontal and cold frontal rains. First, it should be noted that 
within each of the above frontal patterns, there are variations; for 
example, there are slow and fast moving cold fronts resulting in stratiform 
type clouds in the former and cumuloform clouds in the latter. So, when 
a statement is made concerning the drop spectra in warm and cold frontal 
situations, it must be realized that the meteorological conditions such as 
wind shear, convection, evaporation etc. associated with the fronts do not 
necessarily remain constant. However, if several cases of frontal rains 
are examined, one expects to find that the drop-size distributions in warm 
frontal rains would tend to be composed of smaller drops than for similar 
rainfall rates in rains associated with cold fronts. Warm front 
precipitation is generally of the steady variety, with fog and drizzle 
often occurring simultaneously with the rain resulting in smaller overall 
drop-sizes. Cold front rains tend to be associated with convective clouds 
resulting in showery type precipitation and larger drops than found in 
warm front rains of similar rates. Since radar reflectivity is directly 
related to the drop-sizes (2), it follows that cold front rains in 
general, should have higher reflectivities than those of warm fronts for 
similar rainfall rates. Atlas and Chmela7 found this to be the case 
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TABLE 9 
REGRESSION PARAMETERS FOR 
NORTH CAROLINA PASI STRATIFICATION 
A b Ns S.E.E. 
PASI Interval (regression (regression (No. of samples (Standard error 
joules/kg coefficient) exponent) in regression) of estimate) 
-120,000 to 
-140,000 280 1.32 417 .161 
-100,000 to 
-120,000 259 1.38 948 .163 
-75,000 to 
-100,000 225 1.38 590 .168 
-50,000 to 
-75,000 206 1.55 283 .180 
-50 to -700 243 1.35 652 .176 
-0 to -50 215 1.45 327 .167 
0 to 50 196 1.47 227 .151 
50 to 500 213 1.35 467 .176 
500 to 1,000 234 1.36 112 .142 
1,000 to 
4,500 241 1.34 440 .138 
All Data (No 
Stratification) 234 1.39 4721 .170 
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TABLE 10 
REGRESSION PARAMETERS FOR 
NORTH CAROLINA SYNOPTIC STRATIFICATION 
A b Ns S.E.E. 
(regression (regression (No. of samples (Standard error 
Synoptic Class coefficient) exponent) in regression) of estimate 
Airmass 248 1.38 915 .167 
Airmass 
Orographic 217 1.30 87 .145 
Pre-cold 
Frontal 218 1.38 284 .161 
Pre-cold 
Frontal 
Orographic 164 1.58 31 .241 
Cold Frontal 208 1.39 346 .156 
Cold Frontal 
Orographic 183 1.48 204 .195 
Post Cold 
Frontal 238 1.35 594 .161 
Overrunning 253 1.43 880 .167 
Overrunning 
Orographic 197 1.33 59 .137 
Warm Frontal 220 1.39 662 .169 
Warm Sector 279 1.36 138 .093 
Cold Occlusion 
Concurrent 157 1.34 100 .175 
Pre-cold 
Occlusion 277 1.62 252 .147 
Pre-cold 
Occlusion 
Orographic 311 1.67 71 .119 
Post Cold 
Occlusion 223 1.26 62 .128 
Trough Aloft 188 1.39 36 .233 
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TABLE 11 
REGRESSION PARAMETERS FOR 
NEW JERSEY PASI STRATIFICATION 
A b Ns S.E.E. 
PASI Interval (regression (regression (No. of samples (Standard error 
joules/kg coefficient) exponent) in regression) of estimate) 
-130,000 to 
-160,000 252 1.37 627 .148 
-100,000 to 
-130,000 241 1.45 601 .143 
-80,000 to 
-100,000 318 1.57 395 .174 
-50,000 to 
-80,000 241 1.37 199 .139 
-0 to -500 255 1.32 232 .198 
0 to 50 268 1.56 301 .141 
50 to 500 226 1.27 203 .155 
500 to 1,000 258 1.45 228 .133 
1,000 to 
2,500 230 1.31 103 .228 
All Data (No 
Stratification) 256 1.41 3124 .163 
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TABLE 12 
REGRESSION PARAMETERS FOR 
NEW JERSEY SYNOPTIC STRATIFICATION 
A b Ns S.E.E. 
Synoptic (regression (regression (No. of samples (Standard error 
Classification coefficient) exponent) in regression) of estimate) 
Airmass 293 1.39 325 .143 
Pre-cold 
Frontal 322 1.56 87 .138 
Cold Frontal 207 1.32 362 .162 
Post Cold 
Frontal 221 1.43 347 .141 
Overrunning 265 1.37 413 .129 
Warm Frontal 268 1.47 749 .179 
Cold Occlusion 
Concurrent 349 1.62 73 .173 
Tropical Storm 
N. W. Sector 205 1.30 33 .236 
Trough Aloft 260 1.37 14 .105 
Northeaster 271 1.40 654 .142 
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indicating that heavy showers and large coefficients (in the Z-R equation) 
showed a preference for occurring with cold fronts. The coefficient refers 
to that parameter of the regression line which determines the Z intercept 
of the line; the general equation for the regression line is 
where A is the coefficient of R when antilogs are taken in (3). The slope 
of the regression line given by (3) is represented by "b". 
The values for A and b, for the warm and cold fronts, as well as the 
number of samples available from each location, are listed in Table 13. 
Related information for Miami, another area where raindrop data were collected, 
is also presented. It is immediately obvious from an examination of these 
data that the warm frontal rains for all three locations, have larger coefficients 
than the cold frontal rains which is certainly an unexpected result. Figure 
12 shows some comparisons of drop-size spectra for warm and cold front rains 
from Island Beach and Coweeta, for representative spectra of similar rainfall 
rates. In each case, the warm frontal rain shows a greater number of the 
larger size drops, (from 1.5 mm diameter upwards, in 3 out of the 4 cases). 
With the number of samples from each area being relatively large and the data 
being obtained from several storms in each area, the results are quite 
surprising. These data definitely indicate that cold front rains, at least 
in the areas where the data were obtained, generally consist of smaller drops 
than warm front rains of similar rates. 
TABLE 13 
COLD AND WARM FRONT REGRESSION PARAMETERS 
A b Ns 
(regression (regression (No. of samples 
coefficient exponent) in regression 
North Carolina: 
Cold Front 208 1.39 346 
Warm Front 220 1.39 662 
New Jersey: 
Cold Front 207 1.32 362 
Warm Front 268 1.47 749 
Miami: 
Cold Front 198 1.54 187 
Warm Front 403 1.24 341 
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At this point, an examination of the variables effecting drop-size 
distributions would be desirable in an attempt to explain the apparent 
contradiction. Assuming some given initial drop-size distribution, the 
following factors may effect the distribution: accretion, evaporation and 
wind shear sorting. Qualitatively, wind shear sorting and evaporation 
would tend to produce changes in the initial distribution resulting in 
larger coefficients in the regression equation. This would mean larger 
drops for similar rainfall rates. Accretion of cloud droplets, on the 
other hand, would tend to have a decreasing effect on the regression 
coefficient of the original distribution resulting from a larger importance 
of the smaller drops (Atlas and Chmela7). Also, in initial warm frontal 
precipitation, where all of the rain originates in the warm air above the 
front, evaporation is high as the drops fall into the cooler, dryer air below 
the front, resulting in spectra weighted towards relatively large drops. 
As the front becomes more developed, the evaporating rain forms clouds 
below the front, increasing the moisture content, and evaporation of the 
subsequent falling drops is considerably reduced. Along with this, drizzle 
and fog often exist in well developed warm frontal situations where small 
drops are superimposed onto the precipitation formed in the frontal zone 
aloft. As a result, the overall effect in well-developed warm fronts on 
drop-size spectra is an increase in the number of small drops reaching 
the ground. One may postulate then, assuming that accretion, evaporation 
and wind sorting all occur in varying degrees, and that nature begins with 
the same drop-size distribution in the clouds, that evaporation and wind 
sorting are more pronounced in warm frontal rains than those associated 
with cold fronts, in the areas where the raindrop data were taken. Indirectly, 
this is also saying that warm fronts in these areas generally are not 
associated with low level clouds and drizzle, or that cold fronts are char-
acterized by little raindrop evaporation and a great deal of accretion of 
cloud droplets during rain formation when compared to warm fronts. The latter 
appears to be a more plausible explanation at this time. Lamp8 found that 
drop-size distributions in an active cold front rain of the convective cloud 
variety, were very much like those found in three warm front rains on which 
he had data; all were composed of relatively small drops. 
Drop Spectra in Orographic Rains and Tropical Storms 
The location of the raindrop camera at Coweeta, North Carolina, as was 
noted in the introduction, was quite favorable for orographic precipitation 
when a southeasterly wind blew over the area. Some 300 minutes of data 
involving orographic rains were obtained. It was quite fortunate that data 
were available from synoptic classifications of the same type with and 
without orographic effects; this allowed for a comparison between the two. 
The associated R-Z relationships are shown in Table 14. It may be seen that, 
in 4 out of 5 cases, the synoptic classification involving the orographic 
rains had smaller coefficients than the same classification without the 
orographic effects. This indicates that the drops are generally smaller for 
the orographic cases, for the same or similar rainfall rates. Work done by 
Weaver9 agrees with this conclusion. 
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TABLE 14 
REGRESSION PARAMETERS FOR 
NORTH CAROLINA OROGRAPHIC RAINS 
A b Ns S.E.E. 
(regression (regression (No. of samples (Standard error 
Synoptic Class coefficient) exponent) in regression) of estimate 
Airmass 
Orographic 217 1.30 87 .145 
Airmass 248 1.38 915 .167 
Pre-cold 
Frontal 
Orographic 164 1.58 31 .241 
Pre-cold 
Frontal 218 1.38 284 .161 
Cold Frontal 
Orographic 183 1.48 204 .195 
Cold Frontal 208 1.39 346 .156 
Overrunning 
Orographic 197 1.33 59 .137 
Overrunning 253 1.43 880 .167 
Pre-cold 
Occlusion 
Orographic 311 1.67 71 .119 
Pre-cold 
Occlusion 277 1.62 252 .147 
On September 19, 1961, tropical storm Ester, the remnants of Hurricane 
Ester, passed well offshore from the raindrop camera at Island Beach, New 
Jersey, causing some light precipitation as its outer fringes brushed the 
coast. A very limited amount of data were recorded by the camera (33 
minutes). However, it would be of interest to present the results, keeping 
this in mind. The R-Z equation for this case is: 
The scatter around the regression line is noticeably more for this case 
when compared with the other stratifications. The S.E.E. is .236 as compared 
with .178 for the group with the highest S.E.E. of the remaining classifications; 
the small number of samples is partially responsible for this. It appears 
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that tropical storms may indeed contain small drops when compared to other 
synoptic types. A comparison of cold and warm front rains, and the tropical 
storm data is made for similar rainfall rates in Figure 13. It indicates 
that the tropical storm is composed of many small drops and few large ones 
when compared to the other distributions. 
SUMMARY AND CONCLUSIONS 
The results from the Kankakee Network radar-rainfall studies show 
greater errors in the measurements than would be desired. Further 
investigations of these data, and new data from 1967 operations, should 
provide a better understanding of these errors and provide ways of 
recognizing by radar those situations in which accurate measurements of 
rain at extended ranges are not possible. 
The rainfall-reflectivity relationships from Flagstaff, Arizona 
are significantly different from those previously reported for other 
locations. The distributions of raindrop size fall into distinctive 
groups, one having a much higher concentration of drops than the others. 
Several possible causes for these differences were examined, none of 
which were found to be completely adequate. 
The drop-size distributions from New Jersey and North Carolina are 
quite similar. It was found that the best means of stratifying the data 
for rainfall rate-radar reflectivity relationships is according to 
synoptic type for these areas. Cold front rains were found to be composed 
of smaller drops than warm front rains for similar rainfall rates. 
Orographic rains had smaller drops than rains of similar synoptic 
conditions without orographic effects. A small sampling of tropical 
storm rain in New Jersey had smaller drop-sizes than most other spectra. 
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Fig. 1. Radar and gage measured 30-minute rainfall 
for the Kankakee Network. 
Fig. 2. Radar and gage measured total storm rainfall for the Kankakee Network. 
Fig. 3. The mean storm area-depth curve for the 8/21 storm on the 
Kankakee Network, showing the percent of the network 
covered by echoes on each gain step. 
-34-
Fig. 4. Drop concentration vs. rainfall rate at 
Flagstaff, Arizona on the dates indicated. 
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Fig. 5. Average drop-size distributions for the low and high 
concentration cases at Flagstaff, Arizona. 
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Fig. 6. Average drop-size distributions for the low and 
high concentration cases at Flagstaff, Arizona. 
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Fig. 7. Comparison of raindrop spectra parameters with rainfall rate 
for low and high concentration cases. 
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Fig. 8. Evaporation effects for the high and low 
concentration cases. 
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Fig. 9. Drop concentrations for Island Beach, New Jersey 
and Coweeta, North Carolina (from average spectra 
for all data, no stratification). 
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Fig. 10. Raindrop spectra from New Jersey and North Carolina. 
Fig. 11 Raindrop spectra parameters as a function 
of rainfall rate for New Jersey and North 
Carolina average drop-size spectra. 
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Fig. 12. Raindrop spectra from New Jersey for cold front 
and warm front synoptic classifications. 
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Fig. 13. Raindrop spectra from New Jersey for cold front, warm 
front, and tropical storm classifications. 
APPENDIX A 
A COMPARISON OF RAINDROP SIZE SPECTRA 
BETWEEN MIAMI, FLORIDA, AND CORVALLIS, OREGON* 
Robert Cataneo 
Illinois State Water Survey-
Abstract 
Corvallis, Oregon, and Miami, Florida, two locations where raindrop 
data have been collected using the raindrop camera, a device which photo-
graphs raindrops as they fall, have been compared with respect to the 
raindrop spectra that have been determined with the camera. The spectra 
were contrasted with respect to total number of drops (NT) per average 
rain rate, per cubic meter of sample, geometric mean diameter ( D G ) , which 
is associated with a log-normal distribution, mode diameter (DM), and the 
diameter of drops at which half the liquid water content lies above that 
diameter and half below (DL). Results indicate that, for similar rainfall 
rates, Corvallis, Oregon has more of the relatively small drops as well as 
more of the relatively large ones, than Miami, Florida. As a consequence 
of this, it is found that greater radar reflectivities exist at Corvallis 
than at Miami for the same or similar rainfall rates. 
Introduction 
Much data have been collected with the raindrop camera, as described 
by Jones and Dean (1953) and Mueller (1960). These data include drop-size 
distributions for rains in several climatic regions throughout the world, 
and were obtained in an attempt to establish relationships between radar 
reflectivity and rainfall rate for these regions. 
In the following discussion, a drop-size distribution is characterized 
by the number of drops in each 0.1 mm size interval from 0.5 mm - 7.9 mm 
in diameter. To date, all of the analyses have not been completed, although 
radar-rainfall relationships have been determined for most of the locations. 
Of course, statements concerning relationships involving rainfall rate (R), 
and the radar reflectivity factor (Z) must necessarily involve a discussion 
of the kinds of drop-size distributions that exist during the rains, since Z 
is directly dependent on D6, the sixth power of the drop diameters, where: 
*To be presented at the 60th Annual Meeting of the Illinois State 
Academy of Science, at Charleston, Illinois, April 28, 1967. 
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nD being the number of drops of diameter D. If unique distributions 
existed in nature for various climatic areas, then unique R-Z relationships 
would follow. Unfortunately, this is not the case. However, an 
examination of the raindrop-size spectra that do exist would certainly 
be of interest and value in any attempt to establish R-Z relationships. 
Two locations where raindrop data were collected, Miami, Florida, and 
Corvallis, Oregon, have been compared with respect to their drop-size 
distributions, and the results are presented herein. 
Method of Analysis 
Briefly, the raindrop camera takes seven pictures, approximately 
1-1/2 seconds apart, at the beginning of a minute, and then becomes 
inactive for the remainder of the minute. Each frame represents a volume 
of about 1/7 cubic meter, so one minute of data represents approximately 
one cubic meter. The drops are measured individually, and their number 
and size are punched onto data cards. 
In order to discover general trends and characteristics associated 
with the distributions, it was necessary to examine average drop-size spectra 
in the two locations, rather than individual minutes of data. The averages 
were determined as follows. The data from each of the two locations were 
sorted in ascending order according to rainfall rate, and then grouped into 
intervals 1.0 mm/hr wide at the lowest rates, increasing in size at higher 
rates. The average number of drops per cubic meter in each 0.1 mm 
increment of drop diameter from 0.5-7.0 mm, along with other related 
parameters, was calculated by a computer. For this study, all types of 
rains were grouped together; there was no stratification of the data 
according to various rain types or synoptic types, for example, since the 
purpose of this study was to make general comparisons between the two 
locations. 
One method of comparing two groups of distributions is to examine the 
NT's for the same or similar rainfall rates from the two locations on 
log-log coordinates, where NT is the total number of drops per cubic meter 
of sample for a particular rain rate. Figure 1 is an example of this 
where the ordinate represents Oregon, and the abscissa represents Miami. 
Each point then represents the average total number of drops for each 
location for the same average rain rate. Now, it is somewhat difficult to 
point to one parameter and state that it alone, or together with another, 
describes a particular drop-size spectrum completely, so we should also 
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examine other factors. In Fig. 2, three comparisons are made between the 
two areas, on log-log coordinates, with average rainfall rate as abscissa 
and DG, DM and DL respectively as ordinate. DM is the diameter of the mode 
of the spectrum, which is the diameter of the size drop that occurs in the 
largest numbers. DG is the geometric mean diameter with: 
as described in an equation for a log normal distribution fit for the 
drop-size spectra, and DL is the median volume diameter which is the 
diameter of the drop-size where half of the liquid water content of the 
distribution, for the one cubic meter sample, lies above that drop-size 
and half below. One should also examine the relationship between ND 
and D, as in Fig. 3, where ND is the number of drops of diameter D. 
There are other means of comparing spectra, but it is felt that the 
ones used in this discussion are the most directly related to the 
distributions. 
Results of Analysis 
Examination of the NT comparison between the two locations (Fig. 1) 
reveals that, for the same rainfall rates, Oregon consistently has more 
drops than Miami. This would imply that Oregon has smaller drops than 
Miami, or more specifically, that some average drop-size parameter, such 
as DM, DG or DL is greater for Miami for the same or similar rainfall 
rates. In Figs. 2a and 2b this seems to be the case when R is compared 
with DQ and DM respectively; both parameters are consistently higher for 
Miami for the same or similar rainfall rates. However, DL for Miami is 
only slightly higher than for Oregon. 
To state flatly that Oregon has smaller drops than Miami would not 
be describing the situation completely; a more detailed examination is 
necessary. Fig. 3 compares spectra for similar rates from both locations. 
The particular spectra that were used appear to be representative of 
their respective areas. These figures indicate that Oregon has more of 
the smaller size drops, but also more of the larger drops, with a temporary 
reversal in the vicinity of the Miami mode. This reversal incidentally, 
is the reason why the rates are the same because, quite obviously, if 
Oregon had more drops of every size, the rates wouldn't be equal in Fig. 3. 
Therefore, a more accurate statement concerning the two areas would be that 
Oregon has both more of the relatively small and relatively large drops, 
rather than that Oregon has smaller drops. 
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In addition, an examination of the R-Z relationship from both 
locations reveals that for equal rainfall rates, Oregon has greater 
reflectivities. The actual R-Z equations for both regions are as 
follows; for Oregon, 
for Miami, 
On a plot of R vs Z on log-log coordinates, the linear relationship for 
Oregon has a greater slope and a greater Z-intercept than Miami. This means 
that for equal rainfall rates the reflectivities for Oregon are indeed 
greater. It may be concluded from this, that Oregon has larger drops than 
Miami, which agrees with the above analyses, although it was found upon 
examining the actual drop distributions that in addition, Oregon has more 
of the smaller drops. So apparently, the greater number of larger drops 
in Oregon represents a sufficient enough difference to result in greater 
reflectivities, since Z depends directly on D6, but not large enough to 
produce greater DG, DM and DL values which are linearly dependent upon D. 
This agrees with the fact that the NT's at Oregon are greater than at Miami 
for the same or similar rates. 
It should be pointed out that the number of samples (NS) used from 
both areas in Fig. 3 varied substantially, with Miami having four times 
the number of Oregon in Fig. 3a, and eight times the number in Fig. 3b. 
There are two reasons for this. First, more data were collected at Miami, 
and secondly, much of the data taken at Oregon were rains of very low rates; 
for example, approximately 70 percent were rates of less than 2 mm/hr. It 
is believed however, that the number of samples taken at Oregon is adequate 
for a valid comparison. It should also be noted that many of the corresponding 
NT's for the relationship in Fig. 1 were arrived at by interpolating between 
rates on a R-NT curve in order to obtain the same rainfall rate for both 
locations when attempting to establish a point on the NT-NT curve. 
Summary 
The drop-size spectra at Oregon and Miami were compared with respect 
to DM, DG, DL and NT. The investigation revealed that Oregon rains have 
larger numbers of drops for the same rainfall rates. Upon closer examination, 
it was found that the Oregon rains have more of the smaller drops as well 
as more of the larger ones. The parameters used for the comparison are not 
necessarily the only ones that are available for valid analyses, but to date 
appear to be the most appropriate. A similar type of study is underway for 
the other locations where raindrop-size distribution data have been 
collected, and the results from those will be available in the near future. 
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Fig. 1. Drop concentrations for Miami and Oregon (from 
average spectra for all data, no stratification). 
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Fig. 2. The mode diameter, the geometric mean diameter, 
and median volume diameter as a function of rainfall 
rate for Miami and Oregon. 
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Fig. 3. Raindrop spectra from Miami and Oregon. 
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The results of a study of the measurement of rainfall by radar at a range of 75 
miles are presented„ Some of the problems of radar measurements at this range are 
found to be attenuation and effects of the radar beam's vertical extent at distant 
ranges. 
The analysis of drop-size data from rains at Flagstaff, Arizona shows that the 
radar-rainfall relationships there are quite different from those measured elsewhere 
by the drop camera technique. 
Results of a study of drop-size distributions from New Jersey and North Carolina 
are presented. In many respects, the data from these two locations are similar. 
A paper dealing with the analysis of drop-size data from Florida and Oregon is 
included as an appendix. 
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